ABSTRACT: Dramatic enhancement of electrochemical CO 2 conversion to CO, catalyzed by [Ni(cyclam)](PF 6 ) 2 is observed on mercury/gold electrodes. We find that Hg provides favorable noncovalent dispersive interactions with the cyclam ligand. As a result, the Hg surface destabilizes the poisoned CO-bound form of the catalyst, leading to enhanced reaction kinetics. These findings are particularly relevant to the design of ligands that improve the electrocatalytic performance of transition-metal complexes on interaction with metallic surfaces under cell operating conditions. KEYWORDS: CO 2 electroreduction, adsorption, CO poisoning, dispersive interaction, nickel cyclam
■ INTRODUCTION
Electrochemical conversion of carbon dioxide (CO 2 ) to energydense fuels could lower the current dependence on fossil fuels by providing alternatives to petroleum-based feedstocks. 1−4 We focus on CO 2 conversion to carbon monoxide (CO):
CO could be subsequently converted into hydrocarbon fuels by the Fischer−Tropsch reaction:
Reduction of CO 2 on metal surfaces usually requires considerably negative potentials and yields a wide range of products due to competing processes. In addition, the electrodes suffer from being poisoned by intermediates and/ or products from competing reactions. 5, 6 In contrast, molecular homogeneous catalysts can enhance selectivity toward CO. 7, 8 Many different molecular catalysts have been explored for CO 2 reduction. 9−12 However, it is rare to find catalysts based on earth-abundant metals exhibiting high selectivity, efficiency, and turnover frequencies. Some notable catalysts containing first-row transition metals (Mn, Fe, Co, Ni) have been reported. 9,13−15 However, the effectiveness of homogeneous catalysts is typically compromised when they are tethered to an electrode surface. 16, 17 A remarkable exception is [Ni(cyclam)]
2+
(cyclam = 1,4,8,11-tetraazacyclotetradecane) and its derivatives, which exhibits a dramatic enhancement of turnover frequencies in contact with Hg electrode surfaces. 12,18−22 When it is operated in homogeneous aqueous solution, the catalyst is proposed to reduce CO 2 through the mechanism in Scheme 1, 19 19, 25 where the enhanced CO 2 reduction takes place. 26, 27 Therefore, it is of great interest to analyze how the surface affects the stability of key intermediates and kinetically favors the reaction while serving as a mediator between the CO 2 substrate and the ultimate source of reducing equivalents.
CO poisoning is the major limitation to greater catalytic currents in the homogeneous phase, where CO desorption is rate-limiting. 28 Due to the enhanced rates on mercury/gold amalgam electrodes (abbreviated as Hg/Au, which is effectively an adlayer of Hg on an Au substrate) in comparison to other electrodes, it was proposed that Hg might suppress CO poisoning and deactivation of the active catalyst, as shown in Scheme 1. However, the origin of the enhanced rate remains to be elucidated at the molecular level. Here, we focus on the thermodynamics and kinetics of rate-limiting CO binding to the reactive intermediate [Ni (cyclam)] + adsorbed on Hg surfaces, in comparison to binding to the complex bound to a Zn electrode surface, since Zn is in the same group (12) in the periodic table. Additionally, it has been studied for CO 2 electroreduction on its own. 29 We find that the origin of the kinetic enhancement is 2-fold: (1) Hg selectively adsorbs the more active trans-III conformer of [Ni(cyclam)] + through dispersive interactions and (2) Hg induces flattening of the cyclam ligand, which in turn facilitates CO desorption, the turnover-limiting step of the catalytic cycle. 28 + upon adsorption onto Zn are minimal, leading to similar electrocatalytic activity using a Zn electrode or a glassy-carbon electrode. Our study illustrates the subtle, but active, role played by the Hg electrode surface through London dispersion (noncovalent interactions) and provides an insightful example to the often-overlooked effects of dispersive interactions on catalysis.
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■ EXPERIMENTAL SECTION
Cyclic voltammetry experiments were performed using a BASi Epsilon potentiostat and a Gamry Reference 600 potentiostat. Tetrabutylammonium hexafluorophosphate (TBAPF 6 , 0.1 M) was used as the electrolyte. A one-compartment cell was used with a Pt-wire counter electrode and a Ag wire with a Vycor frit as a reference electrode. Three types of working electrodes were used: glassy-carbon electrode (3 mm diameter from BASi), Zn wire (1 mm diameter × 5 mm length), and the Hg/ Au amalgam electrode. The Zn electrode was polished using a 1800 fine grid polishing pad between each CV scan and was subjected to a negative potential (−1.4 V vs NHE) before the electrochemical measurements ( Figure S1A in the Supporting Information). The Hg/Au amalgam electrode was prepared by dipping a 1.6 mm diameter Au-disk electrode (BASi) into a pool of mercury. The scan rate was 0.1 V/s. The surface area of the electrode was similar to that of the drop in the hanging mercury drop electrode (HDME) used in previous work. 27 All cyclic voltammogram potentials were converted to the normal hydrogen electrode (NHE) reference by adding 0.54 V. 28 For the temperature-dependent peak current experiment, an electrochemical cell with the Hg/Au electrode in a methanol solution of 0.1 M LiCl and 1 mM of [Ni(cyclam)](PF 6 ) 2 under CO 2 in a dry ice/acetone bath was used that was warmed slowly. Methanol was used for this study, because it has a freezing point (−97.6°C) lower than that of Hg (−39°C) and is itself a proton source. The temperature was monitored with a probe placed next to the Hg/Au electrode.
The cyclic voltammogram of [Ni(cyclam)](PF 6 ) 2 on Zn does not show significant catalytic current for the CO 2 reductive wave (the increase in current beyond −1.6 V vs NHE is due to the solvent window).
The proton reduction peak has the same intensity near −1.3 V vs NHE regardless of whether the atmosphere is sparged with N 2 or CO 2 . This assignment is also supported by the increase in current upon the addition of water (Figure 1 and Figure S1D in the Supporting Information). Proton reduction is corroborated by the large amounts of hydrogen produced by the blank Zn electrode in the controlled potential experiment as shown in Table S1 , section S1, in the Supporting Information.
These results preclude the formation of ZnO and electrocatalytic reduction of CO 2 within the solvent window. The GCE potential shift under CO 2 , as in Figure 
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■ COMPUTATIONAL METHODS
Metal surfaces are modeled as single-layer sheets consisting of 16 atoms. The sheets were prepared using the crystallographic structure of rhombohedral Hg 32 and hcp Zn. 33 Thye rhombohedral mercury (100) surface from α-phase solid Hg has been shown to represent well the properties of liquid mercury 34 and has been modeled before to study water adsorption on Hg. 35, 36 For Zn, both Zn(101) and Zn(002) facets were found to be dominant facets in Zn foils 37 and have been modeled in a previous study. 37 The optimized geometries and adsorption energies of relevant adsorbates on Zn(101) are very similar to those on Zn(002) (see section 5 in the Supporting Information). The Zn(002) facet is investigated in details in our study.
DFT geometry optimization calculations were performed by using the hybrid functional ωB97XD, 38, 39 as implemented in Gaussian 09 (Rev. D.01). 40 The Grimme D2 dispersion model is contained in the functional to quantify dispersive interaction as a correction term to the energy of the system. 41, 42 The basis set included LANL2TZ 43−46 pseudopotential for metals and 6-31G(d) 47 for nonmetals. The solvent correction is implemented using the SMD model 48 to account for the difference in solvation energy resulting from the difference in geometries of the molecules before and after adsorption to the surface. The metal surface is not solvated and therefore is not included in the solvation model. 49−51 Details on solvent calculations are included in section 2 in the Supporting Information. Hg or Zn atoms were constrained to preserve the geometry of the slab. The frequency calculations did not include unrelaxed atoms and exhibited no imaginary frequencies. The CO stretching frequency is rescaled by a factor of 0.949, as recommended for a similar basis set by the Computational Chemistry Comparison and Benchmark DataBase (CCCBDB). 52 The Ni(I) redox state was confirmed through spin population analysis, which indicated a spin population on Ni between 0.88 and 0.94 (Table S3 in the Supporting Information), close to the formal value of 1. The details of this approach are given in section 2 in the Supporting Information. Spin contaminations are corrected using an established approach (section 3 in the Supporting Information). Structures were confirmed to have no internal instabilities via the use of the "stable = opt" keyword. 53−55 Relaxed energy scans were used to probe the kinetics of adsorption and desorption of CO. Free energies of adsorption and electronic CO binding energies were calculated according to Scheme 2. Counterpoise calculations were performed to correct for basis set superposition error (BSSE) in adsorption energy. 56, 57 ■ RESULTS AND DISCUSSION Experimental Comparison of Hg/Au, Zn, and GlassyCarbon Electrodes. Figure 1A shows + , the same experiment was performed with a Zn working electrode, as Zn is in the same group as Hg. No catalytic activity was observed in the system for a Zn electrode without a proton source ( Figure 1C ). Although catalytic current was detected in the presence of water, this current was almost 10 times lower than that on Hg/Au amalgam ( Figure 1B 
2+ on a glassy-carbon electrode (GCE) in acetonitrile in the presence of water and was not observed in dry acetonitrile without a proton source ( Figure S1 in the Supporting Information). 28 Additionally, via a controlled-potential experiment, and 116, respectively). 27 It should be noted that, for the experiment performed in dry acetonitrile, hydrogen generation was limited and was not the reason for low CO 2 conversion.
The most obvious difference between Hg and other transition metals is that Hg is liquid at room temperature i.e., relevant experimental conditions. Therefore, we explored whether the liquid state could allow for interactions between [Ni(cyclam)] + and Hg due to disordered conformers which do not exist on other metal surfaces. In addition, the constant renewal of the liquid Hg drop electrode could refresh the catalytic reaction center and suppress poisoning of the electrode surface. Although an Hg/Au amalgam working electrode was used to obtain the CV in Figure 1A , it is unclear whether the mercury layer covering the gold electrode is solid or at least partially liquid. To analyze if the liquid state of Hg has a significant effect on catalysis, an experiment was performed to determine whether there is an abrupt change in catalytic activity at around the melting point of Hg (−39°C, 1 atm), as described in the Experimental Section.
CVs were taken at multiple temperatures, and the peak catalytic current was plotted against temperature ( Figure 2 ). As expected, the catalytic current increases with temperature due to increased kinetics of the electrochemical and electron transfer processes. However, there is no abrupt increase as the temperature crosses the melting point of Hg. Since no abrupt change was observed at that temperature, we conclude that the liquid state is not the main reason for the special properties of Hg with adsorbed [Ni(cyclam)] + , with regard to the electrocatalytic reduction of CO 2 .
Active Conformer on Hg Electrode. In aqueous solution two different conformers of Ni(cyclam) 2+ , trans-I and trans-III, exist respectively in a 15% and 85% equilibrium. 58 There is a lack of consensus in the literature on the active conformer of [Ni(cyclam)] + and which conformer is adsorbed on the Hg + binds CO more weakly than trans-I conformer. 28 It is therefore important to determine which conformer is the active form on adsorption on an Hg electrode. + is the dominant active form of the catalyst on an Hg electrode and will be the focus of this study.
Nature of Adsorption on Hg. To elucidate the mode of interaction between the catalyst and Hg surface, we calculated the optimized structure of the relevant species (1) on an Hg surface, (2) on a Zn surface, and (3) without a surface ( Figure  S3 in the Supporting Information). On the basis of our previous analyses, the most important species is the COpoisoned form of trans-III [Ni(cyclam)] + . Table 2 
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The dispersion term is the major contribution to the adsorption energy ( Table 2 ), suggesting that the most probable interaction mode between [Ni(cyclam)] + species and the Hg electrode surface is through dispersive interaction. Since such an interaction is inversely proportional to the sixth power of separation (∼R −6 ), 63 the hydrogen atoms on the cyclam ligand pointing toward the Hg are most likely to be the main contributors to the adsorption. The very different behaviors of Hg and Zn can be attributed to the fact that Hg has many more electrons than Zn that can significantly enhance the induceddipole−induced-dipole interaction.
Facilitated CO Desorption by Hg Surface. CO desorption kinetics is simulated by lengthening the Ni−CO bond while letting other parts of the system (except the surface) relax to the energy minimum. Figure 4 + increase by 6.0, 9.2, and 9.2 kcal/ mol, respectively.
The difference in CO desorption kinetics for trans-III [Ni(cyclam)(CO)] + in these three cases correlates well with the Ni−CO bond lengths and the average N−Ni−N bond angles of the respective systems (Scheme 3), as summarized in Table 3 . In comparison to free [Ni(cyclam)(CO)] + , the adsorbed form on Hg has a 0.12 Å longer Ni−CO bond, which is indicative of weaker CO binding to the Ni center. Such weakening of CO binding is associated with the geometric distortion from a more pyramidal NiN 4 unit to a more planar arrangement, 28, 65 which is in line with the smaller N−Ni−N bond angle (greater deviation from linearity) when the complex is adsorbed on Hg. In other words, the Hg surface flattens the Ni macrocycle, which in turns significantly reduces the CO binding affinity.
Molecular Orbital Analysis of CO Binding. + and [Ni(cyclam)(CO)] + adsorbed on an Hg surface. The interaction between the Ni(I) center and the CO ligand can be dissected into σ donation from CO to Ni and π back-donation from Ni to CO. The σ interaction consists of a bonding orbital resulting from σ donation from CO to Ni (mostly localized on CO's lone pair) and a nonbonding orbital mostly localized on Ni. The π interaction consists of two bonding orbitals corresponding to π back donation from Ni to CO. After the complex adsorbs onto the surface, the most obvious changes in MOs occur in the σ- 
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Research Article bonding regime; both σ-donation and σ-nonbonding orbitals are significantly destabilized, by 0.27 and 0.84 eV, respectively. This finding agrees with the longer Ni−C bond and the weaker CO binding energy of trans-III [Ni(cyclam)(CO)] + on an Hg surface, in comparison to its free form. On the other hand, the two orbitals associated with π back-donation are roughly unaffected in terms of their orbital energies. Notably, the CO stretching frequency, a direct indicator of the extent of π backbonding, shifts to lower values for trans-III [Ni(cyclam)(CO)] + when it is surface-bound on Hg (Table S6 in the Supporting Information), which suggests that, although the Ni−CO bond is weakened on the Hg surface, the contribution of backbonding to the overall Ni−CO interaction is greater when the complex is surface-bound. The CO stretching frequency therefore cannot be used as an indicator for the Ni−CO bond strength. The same conclusion was reached in a previous study by Gagne and co-workers. 66, 67 ■ CONCLUSIONS We have elucidated that ligand conformational changes account for the enhancement of electrochemical CO 2 to CO conversion on catalysis by [Ni(cyclam)]
2+ interacting with an Hg electrode. We find that Hg promotes adsorption of the trans-III conformer over trans-I. trans-III is the more active conformer of the catalyst, since it disfavors CO poisoning. We conclude that dispersive interactions induce flattening of the cyclam ligand, which in turn facilitates CO desorption kinetics by weakening Ni−CO σ interactions. These findings provide valuable insights for the design of molecular electrocatalysts on metallic surfaces with optimal reaction kinetics. Experimental control cyclic voltammetry, controlled potential plots, TOF/TON data, Ni(I) spin densities, DFT optimized structures and energies for the trans-Ibowl and trans-I-cap conformers on Hg or Zn CO unscaled stretching frequencies, thermodynamic scheme, structures of solution-phase complexes, and discussion of the use of spin contamination corrections (PDF) Cartesian coordinates/electronic energy for all structures in this study (PDF)
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